[1] We tested the extent to which the spectral response (0.4 -2.5 Mm) of Sphagnum can be used to indicate changes in near-surface hydrological conditions in northern wetlands. Via laboratory experimentation on three typical Sphagnum species we found that: (1) there is a clear link between (a) a ratio of SWIR/NIR reflectance (ETM+ Ch 5/ Ch4) and (b) the relative depth of the water absorbion feature centred at 1.205 mm (RDI), and near-surface volumetric moisture content (VMC) of the three species, (2) the changes in this ratio seem to be distinct for each species, and (3) data relating to the red-edge inflection point (REIP) for the Sphagnum species may also yield important information on variations in photosynthetic activity with near-surface VMC.
1. Introduction
Sphagnum in Northern Peatlands
[2] Carbon additions to, and losses from, northern peatlands are profoundly affected by surface and near-surface water content. Surface and near-surface wetness are known to affect rates of net photosynthesis in Sphagna [Rydin and McDonald, 1985; Gerdol et al., 1995] . Similarly, the position of the water table has been shown to affect decomposition processes within the peat and the release of decay gases [Moore and Roulet, 1993] . Physically-based models of carbon balance processes in northern peatlands [e.g., Walter et al., 1996] require input data on the subseasonal hydrological dynamics of a site. Daily and weekly wetland hydrological data are easy to collect over small spatial scales (e.g., 10 s to 100 s m). However, it is both difficult and expensive to collect such data over the larger areas needed for reliable predictions of whole-wetland hydrological behaviour. Because Sphagnum mosses are sensitive to changes in hydrological conditions, their distribution across a site could be used to indicate water tables or other hydrological variables. Data on Sphagnum cover over large areas ()10000 m 2 ) can be obtained using remote sensing techniques, and it has been suggested that different species of Sphagnum can be separated according to their spectral reflectance properties [Bubier et al., 1997] . However, although variations in abundance of certain species of Sphagnum could be used to indicate year on year changes in the hydrological regime of a site, such information cannot be used for predicting intra-seasonal variations in site wetness. With the exception of Vogelmann and Moss [1993] , previous studies have not looked at the variation in spectral reflectance properties according to the wetness of the Sphagnum. Our study sought to address aspects of this gap in knowledge by elucidating the spectral reflectance properties of three different species of Sphagnum under a range of wetness conditions. A further limitation of previous studies is that they have only measured spectral reflectance from single Sphagnum plants, i.e., not from natural Sphagnum canopies.
Reflectance Properties of Sphagnum
[3] Sphagnum has enormous water holding capacities. However, it lacks the internal water conducting tissue of vascular plants, and some species are very susceptible to desiccation. The near-surface water content of Sphagnum canopies can change by large amounts on a volume basis compared with vascular plants. In observing the general reflectance properties of a range of Sphagnum species, Vogleman and Moss [1993] and Bubier et al. [1997] found that, in the visible portion of the spectrum (VIS: 0.4 -0.7 mm), absorption due to pigmentation was similar to that in vascular plants. However, in some species (e.g., S. magellanicum Brid.) the green peak was seen to extend towards longer wavelengths. In the near infra-red (NIR: 0.7-1.3 mm) they found that reflectance was lower than for vascular plants. In the short-wave infra red (SWIR: 1.3 -2.5 mm) the relatively low reflectance of Sphagnum was attributed to the high proportion of foliar water.
[4] In vascular plants, the red-edge inflection point (REIP) has been used as an indicator of foliar chlorophyll concentration. Healthy foliage normally has a REIP in the range 0.715 -0.724 mm, whilst foliage experiencing loss of chlorophyll tends to have REIP values below 0.710 mm [Bubier et al., 1997] . REIP values for Sphagnum were discussed by Bubier et al. [1997] who suggested that most Sphagnum had lower ranges (e.g., 0.682 -0.704 mm) than those observed in vascular plants (e.g., hardwoods and softwoods). Nevertheless, it is possible that change in the REIP for Sphagnum corresponds to changes in foliar chlorophyll concentration.
The Drying Experiment
[5] Samples of three common Sphagnum species (S. cuspidatum Hoffm., S. papillosum, H. Lindb., and S. capillifolium (Ehrh.) Hedw. -hereafter called S. cu, S. pa, and S. ca) were collected from a blanket bog in the north of Scotland. Each sample was 22 Â 15 cm in area, and GEOPHYSICAL RESEARCH LETTERS, VOL. 30, NO. 3, 1134 , doi:10.1029 /2002GL016053, 2003 Copyright 2003 by the American Geophysical Union. 0094-8276/03/2002GL016053$05.00 contained 5 -7 cm of underlying litter. The S. cu sample was obtained from the edge of a hollow and consisted of the emergent growth form. It was usually green in colour and had large loose capitula with long branches that formed a complex, open canopy. The S. pa and S. ca samples were obtained from a lawn and hummock respectively. These were yellow-brown (S. pa) and red (S. ca) and had compact capitula forming tighter and more uniform canopies than S. cu. Each sample was stored for three months before the experiment. The samples were kept outside and fed by natural rainfall, supplemented with de-ionised water during dry periods. The mosses remained healthy and grew visibly during the three months.
[6] Prior to drying, the gravitational water within each sample was removed. The samples were then placed in the laboratory and allowed to dry over 12 days. Temperature and relative humidity were kept relatively constant at 18-20°C and 35-45%. A fan fixed at a constant height and distance from each sample was used to simulate surface winds. Samples were weighed to determine the volumetric moisture content (VMC) and removed twice daily (10:00 and 16:00 GMT) for the measurement of canopy spectral response.
[7] Spectral measurements were undertaken in a dark room using an Analytical Spectral Device (ASD) Field Spec Pro spectroradiometer. Prior to each measurement, reference spectra from a calibrated spectralon tablet were collected in order to convert final measurements to absolute percent reflectance. The field of view of the spectroradiometer was set at 8°, and the height of the fibre-optic head was set such that spectral measurements were made for a circular target with a diameter of 5 cm. Illumination was provided by four high intensity light sources rated at 100 W, each with an incidence angle of 45°. Multiple spectra were also collected at each sample point as the trays were rotated through 90°steps.
[8] The spectral measurements for each canopy were subjected to further analyses: (1) Target and reference spectra were processed from a raw state into absolute spectral reflectance. Secondary spectra showing the mean and standard error of reflectance measurements for each canopy were then derived. (2) Spectral ratios are generally robust measures of spectral change that can easily be extracted from both laboratory spectra and broad/narrowband sensors. Mean spectra were therefore processed to extract Landsat Enhanced Thematic Mapper (ETM) channels 5, 4, and 3 [Vogleman and Moss, 1993] , and data relating to the relative depth index (RDI) of the water absorption feature centred at 1.205 mm [Rollin and Milton, 1998 ]. (3) First-order derivative spectra were derived using polynomial functions fitted by least squares over a 6-nm interval. (4) From these, the location of the REIP was determined.
3. Results and Discussion 3.1. Mean Spectra (0.4 -2.5 Mm)
[9] Mean spectra collected at the start and end of the experiment outline a series of marked changes in spectral response for each species in the 0.40-2.50 mm range. From  Figure 1 the SWIR reflectance values for each species increase from less than 10% to well over 60% which is in line with observations made by Vogleman and Moss [1993] .
The ETM Ch5 bandwidth clearly records the magnitude of reflectance change for the three different species. Secondly, in the NIR, absorption features centred at approximately 0.980 mm and 1.205 mm identified by Bubier et al. [1997] and Rollin and Milton [1998] (as three peaks in reflectance features: 0.799 -0.900 mm, 1.030 -1.090 mm, and 1.250 -1.330 mm either side of the absorption features) are apparent in each species at the start of the experiment. At the end of the experiment these have largely disappeared, and reflectance in the NIR region (depicted by the RDI of the second of these features) increased from approximately 40-50% to well over 70%. The ETM Ch4 bandwidth is also able to detect this change, although the shape of the red edge does vary for each species. Finally, in the VIS, reflectance values have increased from 4 to 15% for S. ca, 10 to almost 30% for S. cu, and from 8 to 20% for S. pa.
Derivative Spectra (0.4 -0.9 Mm)
[10] Derivative spectra illustrate in more detail a number of spectral features in the range 0.400 -0.900 mm taken at the start and the end of the experiment. In Figure 2 , derivative values are plotted for each species along with the product moment correlation (PMC, i.e., r) between wavelength and VMC throughout the experiment. As befits a red Sphagnum species, the green peak for S. ca (Figure 2a -day 1) is distinct and shifted towards the red portion of the spectrum, ascending at approximately 0.600 mm (derivative = 0) and descending at approx. 0.660 mm, with a peak at 0.640 mm. In Figure 2b , the inflection point of the ascending limb of the green reflectance peak for S. cu is represented by a derivative maximum (l = 0.525 mm -day 1), and the inflection point of the descending limb is represented by a derivative minimum (l = 0.570 mm -day 1). S. cu is green, and the green peak is well defined with the peak occurring at approximately 0.560 mm. In Figure 2c , S. pa, which is a yellow-brown, has a broad green peak, with maximum values occurring towards the red end of the spectrum between 0.58 mm and 0.64 mm. These values are in line with those made on similar species by Bubier et al. [1997] . At the start of the experiment, the REIP is characterised by a maximum value in the derivative spectra of 0.701 mm for S. cu, and approximately 0.696 mm for both S. ca and S. pa. The amplitude of the REIP (which can also be related to canopy water content) initially varies from 1.1 to 0.85.
[11] At the end of the experiment (day 12) a number of changes are apparent. First, the inflection point of the ascending limb of the green peak for S. cu has moved to 0.520 mm and the descending limb to 0.604 mm, representing a broadening of the green peak as the species changed colour from green to pale green/white. This change is accompanied by a significant positive correlation with VMC. S. pa and S. ca show little change in the location of the green peak, and generally demonstrated a less marked change in colour. Secondly, the REIP for each species has moved to a consistent value of approximately 0.696 mm, representing little change for S. ca and S. pa, but a significant drop of 0.005 mm for S. cu. The amplitude of REIP is also consistent for each species at approximately 1.15. Average and derivative spectra are also useful for identifying bandwidths in hyperspectral (e.g., EO-1 Hyperion) or narrow-bandwidth airborne sensors (e.g., CASI) that may be used to discriminate between vegetation species. In Figure 2 . First order derivative spectra for each Sphagnum species. The product moment correlation (PMC) between derivative spectra and volumetric moisture content (VMC) is also shown. this instance it is apparent from the mean and first derivative spectra that bandwidths centered on or around the green peak (e.g., centred particularly on the rising and ascending limbs at approx. 0.520 mm, and 0.600 mm) should be sensitive to changes in the proportions of red, green or brown Sphagna.
3.3. ETM Ch5/Ch4, REIP, and RDI
[12] Figure 3 depicts variation in REIP, ETM Ch5/Ch4, and RDI with VMC for each species. Figure 3a shows that during the experiment the VMC for S. ca varied from 0.6 to 0.25. Initial removal of water from the canopy and underlying litter at the start of the experiment accounted for the drop in VMC from approximately 0.98 (saturated sample) to 0.6 (day 1), with the drying experiment being responsible for a further drop of 0.35 units over the course of twelve days. ETM Ch5/Ch4 values are initially stable at approximately 0.1 with very little variability in the canopy reflectance in these wavelength ranges. Below a VMC value of 0.4 the ETM Ch5/Ch4 increases dramatically up to a maximum of 0.9 as the VMC is reduced to 0.25. At the same time, canopy reflectance becomes considerably more variable until stabilising towards the end of the experiment. The RDI for S. ca mirrors the ETM Ch5/Ch4, and is initially stable at a value of 50, and drops rapidly to a value of 5 below a VMC of 0.4. It is clear from these data that S. ca can accommodate a drop in near-surface VMC from 0.98 to 0.4 and still supply water to its capitulae via capillary action. Thereafter, a rapid increase in SWIR reflectance and a reduction in the depth of the 1.205 mm absorption feature indicate rapid water loss from within and around the capitula. REIP data for the same species suggest that in the initial stages of water loss, the REIP increased slightly from 0.695 mm to 0.696 mm before dropping to 0.694 mm after a VMC of 0.4 and recovering to 0.695 mm at the end of the experiment. In Figure 3b , ETM Ch5/Ch4 and RDI data for S. cu show a similar increase and decrease respectively in response to a lowering of VMC. In this instance the increase in SWIR reflectance and reduction in the depth of the 1.205 mm absorption feature is almost instantaneous suggesting that S. cu responded rapidly to the removal of water at the beginning of the experiment. The ETM Ch5/Ch4 and RDI data demonstrate almost linear responses over the VMC range of 0.62 to 0.22 with a fair degree of variability in canopy reflectance. REIP data for S. cu are in stark contrast to S. ca in that there is a clear and almost linear reduction in REIP from 0.701 to 0.693 mm during the experiment. S. pa (Figure 3c ) also demonstrates a rapid and linear variation in ETM Ch5/Ch4 and RDI within the VMC range 0.5 to 0.18. However, in this case the REIP does not vary greatly, remaining constant at around 0.695 mm.
[13] These data suggest a clear link between ETM Ch5/ Ch4 and RDI with near-surface moisture content for all three species. However, in contrast to observations made by Vogleman and Moss [1993] the changes in the ETM Ch5/ Ch4 ratio seem to differ between each species (reflecting a natural variability in ability of differently-structured canopies to retain water). Changes in RDI with VMC accord with observations made by Rollin and Milton [1998] on non-Sphagnum vascular species, and suggest that this reflectance ratio is also robust in recording changes in canopy water content. However, to quantify these relationships further, many more spectral measurements are needed for a wider range of Sphagnum species and growth forms. In order to assess the hydrological regime of Sphagnumdominated peatlands using either a broad-band or narrowband remote sensing approach, it is likely that VIS, SWIR and NIR reflectance data will need to be extracted on a species-by-species basis.
[14] The REIP data are also revealing. For S. cu a reduction in VMC and loss of canopy water content signals a rapid and significant reduction in REIP. For S. pa and S. ca, REIP is less obviously affected by a reduction in VMC. It seems that despite a similar VMC loss to S. cu, the capitula of these species retain their chlorophyll content, although we might expect reductions in their net photosynthesis due to drying (Gerdol et al. [1995] and Rydin and McDonald [1985] ). Further work is needed to look more closely at the relationship between canopy REIP and chlorophyll content for individual Sphagnum species.
[15] Finally, we are aware that active microwave remote sensing techniques could also be used to indicate surface and near-surface wetness in northern peatlands. However, their application to northern peatlands will require research on the effects of Sphagnum canopies on microwave scattering as well as the development of reliable mixing models relating peat dielectric properties to VMC.
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